The objective of this study was to evaluate the effect of the concentration of calcium chloride (CaCl 2 ) solution on the surface hardness of restorative glass ionomer cements (GICs). Two high-viscosity GICs, Fuji IX GP and GlasIonomer FX-II, were immersed in several concentrations of CaCl 2 solution for 1 day and 1 week. The immersed specimen surfaces were evaluated using microhardness testing, grazing incidence X-ray diffraction, and energy-dispersive X-ray spectroscopy. Immersion in a higher concentration of CaCl 2 solution produced a greater increase in the surface hardness. No crystalline substance was observed on the immersed surface. Calcium ions were selectively absorbed in the matrix of the GIC surface after immersion. They reacted with the non-reacted carboxylic acid groups remaining in the cement matrix. These reactions were considered to cause an increase in the surface hardness of the GICs.
INTRODUCTION
Glass ionomer cements (GICs) have been widely used for restorative, luting, lining, and sealing materials due to their beneficial properties, such as biological compatibility, chemical adhesion to tooth structure, and fluoride release, which contributes to their caries prevention character 1, 2) . However, GICs have certain drawbacks, such as early water sensitivity and relatively low mechanical strengths; therefore, GICs are unsuitable for use in high-stress sites, e.g., Class I and II restorations 3) . A high-viscosity GIC has been developed by increasing the powder/liquid ratio and modifying the particle size distribution of the glass powder to obtain better mechanical properties than those of the conventional GICs 2, [4] [5] [6] . High-viscosity GICs are the material of choice for the atraumatic restorative treatment (ART) technique 7) because they have greater compressive strength, surface hardness, and wear resistance 8) compared to conventional GICs and some resin-modified GICs 6, 9) . Moreover, these mechanical properties have been reported to increase with storage time due to the continuing maturation of the acid-base reaction 4) . However, this increase occurs more slowly than the action of resin-modified GICs and composite resins. The mechanical properties of high-viscosity GICs are still low immediately after setting.
Surface hardness is one of the most important properties of restorative materials because the surface of the cement is considered to be directly affected by environmental conditions. The surface hardness of GICs stored in water and saliva did not show significant differences by 1 year 10) . At pH 7 and 5, no significant differences in hardness were observed between storage media containing varying levels of calcium/ phosphate 11) . In contrast, it has been reported that the surface hardness of GICs after 40-day storage in saliva significantly increased compared to storage in water 12) . This increase might be due to the diffusion of the components of saliva, e.g., calcium and phosphorus ions, into the hydrogel matrix. The presence of calcium was observed in the cement matrix after 10 years of clinical service 13) . Calcium ions might react with the matrix of GICs 14) . Therefore, the calcium concentration will influence the surface hardness of the GIC. Of the various types of calcium salts, calcium chloride (CaCl 2) is a highly soluble salt in water. Moreover, CaCl2 is used as a food additive and is considered to be relatively safe.
The objective of the present study was to evaluate the effect of the concentration of CaCl 2 solution on the surface hardness of restorative glass ionomer cements. The null hypothesis of the present study was that the concentration of CaCl 2 had no influence on the surface hardness of GICs.
MATERIALS AND METHODS

Materials and storage medium
Information about the two high-viscosity GICs evaluated in the present study claimed by manufacturers is provided in Table 1 Surface hardness measurements Freshly mixed cement was placed in an acrylic cavity mold with an internal diameter of 5 mm and a height of 2 mm, then slightly overfilled and compressed with a polyethylene sheet and a metal plate. The mold was stored in a 37.0°C incubator (NIB-10, AGC Techno Glass Co., Ltd., Shizuoka, Japan) for 1 h before the polyethylene sheet was removed from the specimen surface. The 36 specimens were randomly divided into 6 groups and immersed in 5 mL of deionized water or various concentrations of CaCl 2 solution in a plastic container in the 37.0°C incubator. The surface hardness of the specimens was measured using a microhardness testing machine (MVK-H2, Akashi, Kawasaki, Japan) and a Vickers indenter with a load of 50 gf for a 15-s dwell time. The average of five indentations, made at least 100 µm apart on the surface of each specimen was determined as the Vickers hardness value of each specimen. Six specimens of each GIC were measured at 1 day and 1 week after immersion. The surface hardness of the specimens before immersion was considered as the control.
Morphological observation and elemental analysis
Twelve specimens of each GIC were prepared according to the above-mentioned method. Half of the specimens were polished with SiC papers (800-, 1000-, and 1500-grit paper), and the other half of the specimens were not polished. The specimens were then immersed in deionized water or 42.7 wt% CaCl 2 solution for 1 week. Three more specimens without SiC polishing were prepared and stored at 37.0°C and 100% relative humidity for 1 week as references. Subsequently, the specimens in the mold were kept in a desiccator for at least 1 day. They were removed from the molds and mounted on aluminum stubs, then coated with carbon.
The surface of the specimen was analyzed using a scanning electron microscope (SEM; S-4500, Hitachi High-Technologies Corp., Tokyo, Japan) and an energydispersive X-ray spectroscope (EDS; EMAX-7000, Horiba, Kyoto, Japan). SEM and EDS analyses were performed on each specimen in three randomly selected areas. EDS analysis was carried out under the acceleration voltage at 15 kV and 100 s for each area.
Grazing-incidence X-ray diffraction analysis
Freshly mixed cement was placed in a metal mold with an internal diameter of 15 mm and a thickness of 1 mm, then slightly overfilled and compressed with polyethylene sheets and glass plates. The mold was stored in the 37.0°C incubator for 1 h, and then the specimen was removed. Each specimen was immersed in deionized water or 42.7 wt% CaCl 2 solution for 1 week and was analyzed by means of grazing incidence X-ray diffraction (GI-XRD) using an X-ray diffractometer (XRD-6100, Shimadzu Corp., Kyoto, Japan). The analysis was made with a beam incidence angle of 0.5° and 1° and scanned using the diffraction angle of 2θ between 10° and 80°. The unmixed powder of each GIC was analyzed as a reference.
Statistical analysis
The data were analyzed by two-way analysis of variance (ANOVA) with concentration of CaCl 2 solution and storage period as the main factors. The Tukey HSD test was used to compare the individual data with the level of significance set at α=0.05. Figure 1 shows the means and standard deviations of the surface hardness of FIX after immersion in various concentrations of CaCl 2 solution. The surface hardness of all the specimens increased after immersion compared to the values before immersion. Two-way ANOVA revealed that the two main factors, concentration of CaCl 2 solution and immersion period, were significant but their interaction was not. Immersion in a higher concentration of CaCl 2 solution indicated a greater increase in the surface hardness. After immersion in 42.7 wt% CaCl 2 solution for 1 week, the surface hardness was the highest, with values two times higher than that before immersion. Figure 2 shows the means and standard deviations of the surface hardness of GFX after immersion in various concentrations of CaCl 2 solution. Two-way ANOVA revealed that the two main factors, concentration of CaCl 2 solution and immersion period, and their interaction were significant. Immersion in a higher concentration of CaCl 2 solution showed a greater increase in the surface hardness. There was no significant difference between the 1-day and 1-week immersion findings for the 8.5 and 17.1 wt% CaCl2 solutions. The surface hardness after immersion in 42.7 wt% CaCl 2 solution for 1 week was the highest; it was 2.5 times higher than that before immersion. The highest hardness of GFX was higher than that of FIX, but the hardness before immersion of GFX was lower than that of FIX. Visual observation indicated more cracks and a whiter appearance on the surface after immersion for 1 week in 42.7 wt% CaCl 2 solution compared to that after immersion in water. However, the SEM images (Fig. 3 ) displayed no obvious differences on the surface of the specimens after immersion in the CaCl 2 solution and in water. The representative spectra of GI-XRD with a beam incidence angle of 0.5° are seen in Fig. 4 (a) and (b) . All specimens showed only broad peaks around 20-30° derived from an amorphous phase of the glass powder. The spectra of GI-XRD with a beam incidence angle of 1° had a similar pattern. These results revealed that there was no crystalline substance on the surface, regardless of the type of immersion solution.
RESULTS
The elemental compositions of the surfaces of the specimens after immersion are summarized in Table  2 . Ca and Cl were obviously detected on the surface after immersion in the 42.7 wt% CaCl 2 solution. The Ca/Cl molar ratios of FIX and GFX were 2.50 and 1.44, respectively. These ratios were different from the ratio of CaCl 2 solution, which was 0.5. The relative amounts of Si, Sr, Na, and F on the surface decreased after immersion in water. However, the elemental composition of the cement before immersion (reference specimen) and after immersion in the CaCl 2 solution did not show an obvious change when the elemental composition was recalculated after immersion except for Ca and Cl.
The elemental compositions of the polished surfaces are summarized in Table 3 (a) and (b). Ca and Cl were detected in the matrix of the polished surfaces, but not in the glass core.
DISCUSSION
The effect of the storage medium on the mechanical properties of the GICs has been reported in previous studies [10] [11] [12] [15] [16] [17] . These investigations focused on the GIC deterioration in the simulated intraoral condition. The calcium in saliva has been reported to increase the surface hardness of the GIC 12) . However, there were no reports of any efforts to improve the mechanical properties of GICs by immersion in solutions.
The surface hardness of FIX after immersion in the CaCl 2 solution significantly increased as the concentration of CaCl2 solution and the immersion period increased. The null hypothesis that the concentration of CaCl 2 had no influence on the surface hardness of GICs was rejected. A high-concentration CaCl 2 solution and long immersion period increased the amount of calcium absorbed in the cement. The results in the present study suggested that the absorbed calcium had an effect on the increase in the surface hardness. After immersion in the CaCl 2 solution, the surface hardness of GFX demonstrated a slightly different tendency. The two-way ANOVA revealed that the CaCl 2 solution concentration, the immersion period, and their interaction were significant. Regarding the 8.5 and 17.1 wt% CaCl 2 solutions, there was no significant difference between 1-day and 1-week immersion. The discrepancy between FIX and GFX might be due to their different compositions and powder-liquid ratios.
According to the elemental analysis, calcium and chloride were detected on the surfaces of the GICs after immersion in 42.7 wt% CaCl 2 solution for 1 week. The Ca/Cl molar ratios of FIX and GFX were 2.50 and 1.44, respectively. These ratios were not identical to that of Table 3 . This finding showed that calcium was selectively absorbed in the GICs. According to the results of GI-XRD, no crystalline substance was found on the surface of the cements regardless of the immersion solution. This finding revealed that CaCl 2 precipitations were not present on the surface. Therefore, the increase in the surface hardness was not because of CaCl 2 precipitations but because of calcium ion absorption which would create chemical bonds with the components of the GICs. The setting reaction of the GICs is an acid-base reaction between the polyacrylic acid aqueous solution and the fluoroaluminosilicate glass powder. After the GIC set, non-reacted carboxylic acid groups still remained in the cement matrix 18) . Calcium was detected in the cement matrix after immersion in the CaCl 2 solution, but not in the glass core. This result suggested that the calcium ions in the CaCl2 solution reacted with the non-reacted carboxylic acid groups remaining in the cement matrix. These reactions were considered to reinforce the form of the polyacid salt matrix. Consequently, the surface hardness increased after immersion in the CaCl 2 solution.
The powder-liquid ratio of GFX was lower than that of FIX, and the increase in the surface hardness of GFX after immersion in the CaCl 2 solution was greater than that of FIX. It may be assumed that the relative amount of the GFX cement matrix was higher than that of FIX, and a higher relative amount of calcium could be absorbed in the GFX cement matrix and reacted with the carboxylic acid groups remaining in the cement matrix. Further investigations are necessary to confirm these assumptions.
The results of the present study showed that the immersion of GICs in a high-concentration CaCl 2 solution increased their surface hardness. It has been reported that there was a significant negative correlation between the surface hardness and the wear volume of GICs 19) . Therefore, an increase in the surface hardness would be expected to improve the wear resistance.
The method to improve the GIC surface hardness in the present study was quite simple and not necessary to change GIC compositions and restoration procedure. Therefore, this method is practical in the clinical situation. However, adequate timing and duration of the CaCl 2 solution immersion to obtain the effective increase in the surface hardness have not been clearly elucidated. The effects of these factors on the surface hardness of GICs will be evaluated in the future study.
CONCLUSIONS
Within the limitations of the experimental methods employed in the present study, the following conclusions can be drawn:
1. The surface hardness of the GIC after immersion in the CaCl2 solution significantly increased with an increase in both the concentration of CaCl2 solution and the immersion period. Immersion in a higher concentration of CaCl 2 solution showed a greater increase in the surface hardness. 2. The ratio of increase in the surface hardness was slightly different between the two products. This discrepancy might be due to their different compositions and powder-liquid ratios. 3. The GI-XRD analysis showed that no crystalline substance was found on the surface after immersion in the CaCl 2 solution. 4. The elemental analysis revealed that the calcium ions in the CaCl 2 solution were selectively absorbed in the GIC surface matrix. The calcium ions reacted with the non-reacted carboxylic acid groups remaining in the cement matrix. These reactions were considered to increase the surface hardness of the GICs.
